Technology development and continuous down scaling in CMOS fabrication makes Mixed Signal Integrated Circuits (MSIC) more vulnerable to process variation. This paper presents a well defined novel design methodology for process variability aware design by incorporating the major challenge of statistical circuit performance relating the device and circuit level variation in an accurate and efficient manner to improve the reliability, robustness and stability of the circuit. The device sensitive parameters are identified and accurately quantified by continuous realistic assessments using statistical methods. The modularity of the methodology can be validated by the output performance obtained from the gain and phase response of OTA which is highly stable when subjected to worst case process variation scenario. In the proposed optimization, the circuit is strengthened by fixing the optimum aspect ratio without adding any additional compensation devices complicating the circuit resulting in low power consumption of only 0.116 mW in standard CMOS 0.18 µm technology with 1.8 V power supply.
Introduction
Large demand of high performance CMOS mixed signal systems requires stable output performance independent of power supply, process and temperature variations. With the technology development and supply voltage reduction impact of process variation, parameters are more dominant in low power battery operated electronic systems. Highly accurate and high precision stable OTA driving large capacitive loads are used as error amplifiers in low-voltage low-drop-out (LDO) regulators [1] - [3] . Due to constraints on the minimization of design time and die area/cost, efficient circuit developments with design reuse and/or technology migration methodologies have been developed for principle analog blocks, such as operational transconductance amplifiers (OTAs), comparators, LNAs and so on [4] . Despite its popularity, only uncompleted design procedures were proposed for this OTA which arbitrarily reduced the degree of freedom in the design equations, hence precluding the possibility to meet optimized performance. Indeed, the approach proposed in [5] sets arbitrarily the compensation capacitor equal to the load capacitor, and that presented in [6] introduces constraints that require an onerous recursive procedure. With the scaling down of device sizes and supply voltages, single-stage cascode or telescopic amplifiers are not suitable for high-gain wide-bandwidth amplifiers. A low-power low-area and frequency-compensated multistage amplifier capable of driving large capacitive loads is a necessity. OTA [7] - [12] required a robust frequency compensation scheme due to their potential closed-loop stability problems. In an OTA, the ratio of transconductance to current consumption reflects the power efficiency. In order to obtain lower power, the efficiency of the OTA must be improved. In addition with the scaling of the supply voltages, the reduction of the threshold voltage is not aggressive, which limits signal swings. In recent years, the process variation parameters of the MOSFET have become a dominant cause in variation affecting the stability of the circuit. Therefore, OTAs generate large distortion when produced by the present manufacturing process. Many design methodologies have been developed to optimize the design of OTA's. In this paper, a new methodology is adopted to design the OTA and hence satisfies the state of art design specification.
Challenges in Statistical Optimized Design Methodology
The major challenge of statistical circuit performance analysis is how to relate the device-level variation to the circuit-level variation in an accurate and efficient manner. Two conventional approaches for simulating the impact of device variation on circuit performance are as follows: 1) corner-model method and 2) Monte Carlo (MC) SPICE simulation [14] . The corner method is simple, computationally efficient, and thus widely adopted by circuit designers. However, the corner approach usually gives overly pessimistic or optimistic performance prediction due to insufficient attention to the quantitative correlations between the corner models and the circuit performance variations. The MC SPICE provides more accurate prediction using statistical information but is computationally expensive for complex VLSI circuits. In addition, the accuracy of the MC approach depends on the accuracy of the variations of the SPICE model parameters. The latter accuracy can be improved with greater attention paid to the ET variation data [15] . Principal component analysis (PCA) was introduced to capture the complex correlations of device parameters [16] . PCA transforms the correlated device parameters into uncorrelated variable (principal component). Each device parameter is a linear or nonlinear combination of the principal components. There is no physical interpretation of these principal components. However, the accuracy of PCA can be problematic in nanoscale CMOS technology due to highly nonlinear device characteristics and heterogeneity of device parameter [17] . To overcome this issue, an ET-based direct sampling methodology (DSM) extracts device model parameters for all test sites and preserves the existing complex nature of parameter correlations [17] [18] . DSM can predict more accurate distribution of circuit performance due to stochastic process variations. However, the accuracy of the DSM relies on the number of generated device parameter sets. The more generated parameter sets lead to more accurate predicted results. The efficiency of the device parameter extraction for significant number of test sites could be problematic due to a more complex process introduced in the advanced CMOS technology. Backward propagation of variance approach was introduced to model the process variations based on physical process parameters and the propagation of the variance. The model is efficient and general for all kinds of variability studies. However, the model requires a very accurate nominal SPICE model card with correct sensitivities to different process parameters. In addition, the model does not account for nonlinearities of the sensitivity, which could lead to inaccurate results when variations are large. The improved set of model parameter variations will directly improve the accuracy of MC circuit simulations. Furthermore this paper proposes a systematic optimized methodology that correlates the corner model approach and montecarlo simulation. This paper presents a methodology to develop a variability aware computationally compact parameter set for the parameters that impact on the sensitivity of the device parameter.
The Principle of Approach
Process variations can be incorporated in the design of OTA by considering the worst case condition as shown in Table 1 under a desired level of confidence. Instead of choosing a minimal or the nominal value, optimal values have to be chosen by incorporating various methodologies. In this paper an OTA is designed considering the process sensitive parameter in the design. The proposed optimization design flow is shown in Figure 1 . The optimal value of the process sensitive parameter is chosen such that the values are not allowed to be greater than the worst case value (i.e. the degradation in performance is allowed to be greater than the maximum acceptable). For simplicity threshold voltage variation and drain current variation is described in this paper. Initially to model circuit process variability is modeled by worst case corner models for OTA as shown in Table 1 are generated from slow nMOS and slow pMOS (SS) to model the worst-case delay (WS), and from fast nMOS and fast pMOS (FF) to model the worst-case power (WP); whereas, the corner models for digital applications are generated from fast nMOS and slow pMOS (FS) to model the worst-case "1", (WO) and from slow nMOS and fast pMOS (SF) to model the worst-case "0" (WZ). A standard set of model parameters {e.g. V th , W, L, T ox , µ eff , γ, R bs , C ov , C j } is used to account for process variability and model the worst-case corner performance of devices and circuits.
Threshold Voltage Mismatch (VTH)
The threshold voltage V th is mainly determined by process variation dependent sensitive parameters {V th , W, L, T ox , µ eff , γ, R bs , C ov , C j }, whose effect strongly dominates over the intrinsic imbalance at nominal conditions. This clearly shows that variations are very critical in ULP/ULV mixed signal standard CMOS circuits. Since the performance of the device changes drastically with PVT associated parameters. To model the threshold voltage V th , the standard deviation (σ) limits are preset to include any process variability over a wide range. The worst case corner models are generated by offsetting the selected compact model parameter (P) of the typical (TT) compact model by ±dp = nσ to account for a window of process variability, where n is the number of σ for P so that it is selected to set the upper and lower limits. The corner models of BSIM4 TT model parameter V th0 is defined as 0 th th th
where th dv is used to set the fixed UL and LL of the models. The variation of threshold voltage ∆V th due to global and local mismatch is calculated and the variance
where C is a constant and is given by 0.8165 [19] or 0.7071 [20] with or without the dopant variation along the depth of the channel region, respectively; q is the electronic charge, ε Si and ε ox are the permittivity of silicon and silicon-dioxide (SiO 2 ), respectively; 2 Thus the model parameter M including both local and global process variability components is given by
Equation (5) 
This Equation (6) is used to build a statistical corner model for threshold voltage V th realistic analysis of process variability. Similar method is adopted for all the sensitive parameters in the design. Montecarlo simulations are made for 200 runs and the histogram of V th for M 5 is shown in Figure 3 . The mean and standard deviation of the parameter is observed, compared with the value and scattered plot is obtained as shown in Figure 4 . The optimized value is validated with Equation (6) and optimized.
Proposed Optimized Ota Design Flow Considering the Worst Case Scenario
General methodology adopted for process variation insensitive design 1) Select transistor gate length from intrinsic gain plat, so that the designed OTA satisfies the required gain. 2) Determine the transconductance g m to realize the OTA's required frequency response. Analytical expression for the transfer function and settling behavior must be derived for a specific topology. 
The process variability sensitive model parameter is included and optimized I DS is calculated. 8) Determine the transistor gate widths W from the calculated IDS and current density plot. 
OTA Design Optimization Flow

Design Approach
Generally the design of OTA can be divided into two distinct design related activities that are most port independent of one another. The tail current transistor for the differential amplifier will only consume voltage thus reducing the output swing. The first of these activities involves choosing or creating basic structure for the op-amp. Once the structure has been selected, the designer must select dc current and begin to size the transistors and design the compensating circuit. Most of the work involved in completing a design is the second activity of the design process. Note that the devices must be properly scaled in order to meet all the ac and dc requirements imposed on the top. Before designing the OTA one must sort out all the requirements and boundary conditions that will be required to guide the design flow.
Analysis and Design of DC Gain
The overall gain of the OTA is given by 
Tuning of Aspect Ratio
The aspect ratio of the transistor ( ) ( ) ( ) For a phase margin 60˚, the location of the output pole was assumed to be placed at 2.2 times GB. Based on this assumption and the relationship for pole 2. The transconductance 6 m g can be found
generally, for reasonable phase margin, the value of Noting that one must now check to make sure ha the maximum output voltage specification is satisfied. Finally the device size of 7 M can be determined from the balance equation
design of all W L ratios is now complete.
Small Signal Analysis of OTA
In analog circuit designs, the small signal model is widely used to analyze the behavior of analog circuits. To ensure the accuracy of the model, we must verify the small signal model with CMOS circuit. In order to achieve simplicity without losing of accuracy, the intrinsic part of complete small signal equivalent circuit of CMOS transistor, has been applied in the small signal model. The verification of the small signal model is illustrated by a CMOS two-stage OTA shown in Figure 1 . The conventional small signal model of CMOS amplifier is widely used based on the hybrid-pi model of CMOS transistor shown in Figure 5 . In the hybrid-pi model, the GateSource capacitor (C gs ) and Gate-Drain capacitor (C gd ) have not been considered. 6 , C gd6 , is connected to the output node V out . Thus, capacitor C gd5 will affect the circuit performance of the two-stage OTA and cannot be ignored in the small signal model. The complete small signal equivalent circuit of CMOS transistor has been discussed in [6] . In order to achieve simplicity without losing of accuracy, the intrinsic part of complete small signal equivalent circuit of CMOS transistor, has been applied in the modified model. Therefore, the modified small signal model of the two-stage OTA can be obtained as shown in Figure 6 . The modified model contains three parasitic capacitors C gd1 , C gs5 , and C gd5 compared to the conventional model. In order to achieve simplicity without losing of accuracy, the intrinsic part of complete small signal equivalent circuit of CMOS transistor, has been applied in the small signal model. The nominal value of the parasitic capacitors C gd1 , C gs6 , and C gd6 , can be obtained from the SPICE simulations of the two stage OTA shown in Table 2 . 
Miller Compensation Technique
This technique is applied by connecting a capacitor from the output to the input of the second transconductance stage 11 m g . Two result came from adding the compensation capacitor c C . First, the effective capacitance shunting 1 R is increased by the additive amount of approximately 11 11 m c g R C . This moves 1 P closer to the origin of complex frequency plane by a significant amount. Second, 2 P is moved away from the origin of the complex frequency plane, resulting from the negative feedback reducing the output resistance of the second stage.
From the simplified model [ ]
The overall transfer function that results 
From the standard second order system 
Phase Margin (PM)
This Phase Margin will define the stability of an amplifier. Higher value of PM will allow the output signal to achieve steady state without much ringing. Lower values will cause ringing at the output. The value of phase margin depends on the application. For most or well defined PM of 60˚ is needed
For stability of OTA the phase margin PM ≥ 60˚ then 2 2.2 P GBW ≥ for PM ≥ 5˚ then 2 1.22 
Simulation Results
The OTA is designed using conventional and proposed optimization methodology as shown in Figure 6 is designed and simulated in CADENCE spectre in 180nm CMOS technology. The supply voltage of the OTA is 1.8 V. The size of the transistors is optimized and the transistor parameter together with transconductance is shown in Table 3 . All significant variation sensitive process parameters are varied by the optimum percentage value from their nominal values and Monte Carlo simulations for the two-stage OTA and corner analysis is made with the variation range of each circuit parameter and results are obtained model can be obtained as shown in Table 4 . The circuit parameters are varied up to its maximum allowable value from their nominal values. By consider the variation range of each circuit parameter, the performance bounds can be evaluated by the proposed approach. It is observed that the aspect ratios of the transistors are as minimum as possible demonstrating to give stabilized response as shown in Figure 7(c) . Table 4 shows a summary of the performance parameters of OTA under typical conditions. The frequency and phase response of the OTA designed with conventional and proposed me- thodology is shown in Figure 7 . Simulated results show that the DC gain of the OTA with conventional methodology for a load of 2 pF and 5 pF is 64.11 dB and 66.43 respectively. The slewrate of the OTA is observed from the simulated response obtained from the step input as shown in Figure 8 . Figure 9 shows the variation of gain and phase margin of the OTA with conventional and proposed design methodology with varying width (W µm), temperature representing PVT variations. It is observed that the frequency of the OTA designed with optimized methodology is more stable than the conventionally designed. The both the OTA is simulated for the worst case corner models with the constraints as shown in Table 1 and it is observed that the gain and phase variation more in conventionally designed OTA.
To study robustness to mismatch and process variations, montecarlo analysis with over 200 runs were performed. The results are shown in Table 1 . Figure 9(a) shows the variation in gain for OTA with the conventional and proposed design methodology over all process corners. It is observed that the deviation in gain is more in conventionally designed OTA. Figure 9(c) shows the change in gain for the conventional and optimized OTA with varying loads. Figure 10 shows the layout of the optimized OTA is implemented in CADENCE 0.18 µm CMOS technology thus proving the enhancement in stability of the frequency responses even under worst case mismatches and process variations. Figure 11 depicts the comparative analysis of the power consumption by different OTA's. Table 5 depicts the performance summary of conventionally designed OTA's with the proposed design methodology. 
Conclusion
This paper presents a simple and efficient design methodology to stabilize the gain and phase margin of a conventional OTA in 180 nm CMOS process subjected to process variation. An efficient methodology to evaluate the performance of the circuit considering the PVT variations is modeled. By considering the worst case design scenarios in the design a combination of analytical and simulation based circuit optimization is performed. A significant improvement in stability of the device process sensitive parameters is observed in all stages in the design. From the comparative analysis, it is identified that the OTA designed by proposed optimized methodology consumes only 23 percent of the average power consumed by different other OTA's designed by conventional methodology. The circuit simulation results confirm that the frequency response of OTA is more stabilized and this proves the superiority of the proposed design approach over all the conventional approach. From the performance metrics observed a series of comparison is made confirming the technical merits of reliability, robustness and performance enhanced characteristics using the proposed design approach. 
